A major goal of current research is to address temporal climatic variations that are related to CO2 emissions. A significant portion of these emissions are due to forest destruction and the resulting conversion of biomass to CO2. As 30% of the earth's landmass is forest-covered, it is important to understand the biomass content with better estimates than are currently available. This research has addressed the determination of forest biomass in a Northern Alberta forest site, using novel techniques known as POLInSAR (Polarimetry Interferometry SAR) to study the 3D vegetated structure of forests through using an L-Band single-pass airborne system. Results of this study indicate strong relation between vertical structure and above ground biomass. In this paper we show the preliminary results of the work including the resulting tomographic expression of the test forest area.
INTRODUCTION
The study of CO2 emissions into the atmosphere and their impact on climate change are of global interest. The destruction of forests makes a significant contribution to the total (UNDG, 2008) and there is a corresponding interest in improving the accuracy of forest biomass estimates (Houghton et al., 2009 ) in order to provide baseline information for subsequent monitoring and for mitigation purposes. Remote sensing techniques applied to date, including both optical and radar backscatter approaches, suffer from saturation effects at higher biomass levels (Dong, et al., 2003 , Le Toan et al., 1992 Beaudoin et al., 1994; Lefsky et al., 2005; Leckie and Ranson, 1998) . In this paper we describe results from an approach involving Polarimetric InSAR (POLInSAR) to extract tomographic images of forest canopy from which biomass estimates can be inferred (Cloude, 2006A) . Previous work has shown that tree height and ground elevation can be obtained from L-Band POLInSAR methods and that tree height is a good proxy, through an allometric relationship, to biomass at least for homogeneous forest types (Mette et al., 2004A, 2004B) . However the combination of POLInSAR with tomography is intended to address the problem of biomass determination when the forest contains mixed species.
The vertical profiles of forest canopy density (which are represented by the variation of backscatter signal along the vertical) are potentially strong indicators of forest Above Ground Biomass (ABG). Since the radar cross-section observed for a given pixel is the sum or integral of contributions from all scatterers at the same range, encompassing all heights, the information about vertical structure is lost. While POLInSAR techniques allow the height and ground elevations to be estimated, they do not recover the forest structure directly. The virtue of the tomographic approach (Treuhaft et al., 2000; Cloude, 2006A; Hajnsek et al., 2009 ) is that a threedimensional image of the canopy can be obtained. However, 'standard' tomography generally requires multiple baselines created from multiple passes and hence increased operational costs, for airborne systems at least. To overcome those limitations a recently proposed method (Cloude, 2006A, 2006B, 2009 , named Polarisation Coherence Tomography (PCT) has been proposed to solve estimation of the vertical distribution of scattering, with the use of few baselines (one to three). Indirectly, the recovery of biomass within the vertical layers is derived from that vertical profile.
In this paper we tackle the problem of generating those profiles or tomograms to highlight the possible interactions with biomass content.
In section 2, we review the basic elements of PCT including the ultimate goal of extracting forest biomass information; in section 3 we summarize the data set and the system from which it was derived; preliminary results in the form of the derived PCT profiles or tomograms are presented in section 4 with conclusions and follow-on plans summarized in section 5.
POLARIZATION COHERENCE TOMOGRAPHY

Polarization Coherence Tomography
An underlying assumption of many approaches, including PCT, is that the forest may be represented by a slab containing a random distribution of scatterers, horizontally homogeneous in their properties, but with backscatter sources distributed in the vertical according to a structure function f(z) where z is the vertical dimension with respect to an impermeable ground surface (Papathanassiou and Cloude, 2003) . This is referred to as the Random Volume Over Ground (RVoG) model The complex coherence,  which is the 
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interferometer is then measuring a composite complex signal given by the weighted sum of contributions (taking into account phase). Before estimating the height using the phase to height relation   .
z v k h , the sensitivity of the interferometers to height variation has to be defined using the vertical wavenumber factor z k (Bamler, 1997) :
where   is the incidence angle difference between the two antennas as seen from the target, B is the spatial baseline between the two antennas, h is the model forest height, B  is the normal baseline,  is wavelength of the radar system, and θ is the incidence angle from one of the antennas. Equation (1) shows that there is a direct relationship between the observed coherence and the structural properties of the scattering. In the most widely used representation of the RVoG model, the structure function is assumed to have an exponential shape (Papathanassiou and Cloude, 1997) . However in the PCT approach, a Fourier-Legendre polynomial decomposition is proposed to describe the structure function, f(z'), in terms of known basis functions with unknown real coefficients.
It is important to notice that the structure function is bounded by the underlying ground phase and the vegetation height. Thus, it is critical to obtain good estimates of those elements prior to the profile estimation through the expanded FourierLegendre series. In the Legendre series development, n baselines provide 2n+1 terms of the series. Therefore, in the simplest practical application, a single baseline solution can provide the second order of the scattering profile.. In this special single baseline case (n=1), it allows determination of up to three terms of the series. The unknown coefficients a i0 (for the single baseline case) can then be estimated using a simple matrix inversion of equation (3): 
In the instance of two baselines, for instance, an improved vertical profile description at the second order is obtained by an expanded structure function now containing four unknown coefficients as shown in (5), where P i are the Legendre polynomials 10 1 20 2 30 3 40 4ˆˆˆ(
The main purpose of this work is to determine the structure function using this PCT approach applied to data from a 'single-pass' polarimetric InSAR system. Single-pass in this context refers to a single baseline with rigidly connected antennas such that temporal decorrelation effects are absent from the data. Therefore (3) and (4) are relevant in this case.
Tree Height and Ground Phase Estimation
In this methodology, we use a 'boot-strapping' approach to obtain two of the unknown parameters, h v and ϕ for the initial canopy boundary estimates. The height and ground retrievals are obtained by the use of a modified RVoG model, where another parameter is added to compensate for the "underestimation" of the RVoG. For that purpose, (Treuhaft et al., 2000) considered a fixed extinction assigned empirically to the radar. The mean extinction parameter allows computation of the canopy thickness. The fixed extinction coefficient compensates for both density and structure variations . In this two-layer model, the observed coherence is given by the formula:
where 0  is the ground phase relative to the reference datum, v  is the complex volume coherence and  is the ratio of effective ground surface to volume scattering. ( ) w  refers to the normalized Fourier transform of the attenuated response from the vertical distribution of scatterers (z) and w represents the observed polarisation state. Equation (6) shows that by isolating the polarisation dependent terms ( ) w  , the resulting coherence lies in a straight line inside the complex coherence plane (Cloude et al., 2003) .
In our study, the results of the inversion coming from the RVoG were used as bounds for the vertical profiles reconstruction, International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XXXIX-B8, 2012 XXII ISPRS Congress, 25 August -01 September 2012, Melbourne, Australia serving as the limits of the integrals in (1). Details of the derivation of ground phase and tree heights for that particular study could be found in (Mercer et al., 2011) . The PCT profiles were calculated for slant range coherence images as transects in range and azimuth direction. The averaging window size for coherence calculation was 11 by 11 pixels in slant range coordinates.
Biomass extraction
A 'standard' operational method for direct biomass estimation is through the use of ground sampling sites as shown in equation (7).
where stem Diameter at Breast Height (DBH), tree height (h), stem density (N) and wood density ρ 3 / g cm are determined on site. The tree is modelled as a tapered cylinder (constant factor f), leading to the stem biomass per unit area B[tons/ha]. Remote sensing methods often use an allometric relationship where some observable such as backscatter in the case of radar (Le Toan et al., 1992) is regressed against biomass estimates obtained from ground sample sites. Generally such methods become insensitive at biomass levels of about 150 tonnes/ha or greater. A more robust relationship has been shown to exist when tree height (as obtained from POLInSAR or lidar for instance) is the direct observable (Mette et al., 2004A; Mercer et al., 2009B) . However the form of the allometric relationship seems to have species dependencies, and stimulates the interest in tomography which offers the potential to address the mixed species problem. The key idea here is to differentiate species by classification according to structure function. An allotropic approach with specific parameters would then be derived. In this paper we restrict ourselves to the first part of the problemderivation of the tomograms.
DESCRIPTION OF THE DATASET
Radar System
The SAR data used in our study was collected during an airborne campaign (Mercer et al., 2009A, 2009B) carried out in winter 2008 in Alberta, Canada, near the town of Edson. A proof of concept design was built to accommodate and demonstrate the feasibility of an airborne PolInSAR system at L-Band by Intermap Technologies to recover tree height and ground surface elevation. The system was carried onboard an Aerocommander aircraft. Some of the system parameters are presented in Table 1 A quad-pol antenna pair supported by a rigid beam was mounted across track and provided a horizontal baseline of 3.5 meters. The flying height was around 1000 meters above ground level and ground resolution was close to 1.25 meters. The test altitude was chosen to obtain a satisfactorily large signal to noise ratio while also optimizing conditions for POLInSAR inversion (Cloude, 2006B) .
The Test Areas
The particular test site (Mercer et al., 2009B) for generating the tomograms is a forested area near Edson, Alberta, Canada. It consists of densely forested areas interspersed with clearcut areas at various early stages of regrowth and with moderate variations of topography.. This test site was also chosen for availability of ancillary data such as airborne LiDAR and XBand generated digital terrain models, and is an effective candidate for biomass estimation of pine-lodged trees. Stand heights ranged from 10 to 30 meters. The forest stem density was estimated between 100 to 300 stems/ha, based on high resolution photography analysis.
RESULTS
Tomograms
A composite polarimetric image (Pauli) of one of the passes is shown in Figure 1 with overlaid red lines indicating the location of particular tomographic profiles in the azimuth (along-track) and slant range (cross-track) directions. The green-colored texture is forest and the darker patches are the clearcut/regrowth areas. Figures 2 and 3 show the PCT profiles (tomograms) for these lines as indicated. The tomograms show clearly the distinction between clear cuts with low tree regrowth patterns, and older, 15-30 m canopy patches. The color scale represents the normalized structure function and should be a proxy for the internal backscattering intensity as a function of vertical location within the canopy. As explained in the above section, the upper and lower limits (tree tops and ground phase) are given from the RVoG inversion estimates which have accuracies of about 1-4 m (RMS) (Mercer et al., 2009B) . The tomograms of the forested patches indicate scattering occurring relatively uniformly throughout the canopy. In contrast, the regrowth areas show more intense scattering from the ground area than the upper canopy. This may reflect the presence of more 'double-bounce' contributions from the lower portion of the canopy.
At this point there is no direct 'truth' with which to make a comparison of radar structure function. However it should be noted that the forest patches are relatively homogeneous such that it would be surprising to see large tomographic variations across this data set. A scene containing mixed species will be addressed shortly.
CONCLUSIONS
The worldwide destruction of forest as a source of CO2 emissions into the atmosphere is a major driver for attempts to determine the existing forest biomass content with increasing accuracy and spatial resolution. In previous work it has been shown that derivation of forest height using POLInSAR methods, together with use of an allotropic expression relating height to forest biomass could produce good results in the context of relatively homogeneous forests. In this paper we provide extensions to that work, utilizing a technique whereby 3D tomograms can be determined using a data set from an airborne, single-baseline, L-Band polarimetric InSAR system. The longer-term objective is to demonstrate that knowledge of the canopy structure function will allow for biomass differentiation in non-homogeneous forests. In this paper we show the first tomograms in the same forest area used for the previously noted biomass extraction. These examples show, qualitatively at least, that structural variation does occur even in the relatively homogeneous lodgepole pine forest test area being addressed.
Our study will be extended to various forest types in Canada and is expected to be applicable in various forest types over different tropical regions as well. Additionally, a novel dual baseline approach using the same system will be examined to determine if the expected improvement in structure function resolution can be achieved. Lastly, classification algorithms relating biomass to the structure function information will be developed and tested.
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